ABSTRACT. The objective of this study was to investigate the effects of process variables on size of chitosan-alginate capsules produced through extrusion-dripping method. Chitosan-calcium chloride solution was extruded into sodium alginate to form chitosan-alginate capsules which have a defined inner core and membrane. The results showed that sodium alginate concentration, chitosan concentration, chitosan to calcium chloride concentration ratio, needle diameter, gelation time have significant effect on the diameter and membrane thickness of chitosan-alginate capsules. Under the tested condition, chitosan-alginate capsules with diameter in a range of 3.4 mm to 4.5 mm were produced. The membrane thickness of the capsules increased when the curing time increased from 5 min to 60 min. As the concentration of sodium alginate (0.3-0.9 %w/v) and chitosan (0.4-1.0 %w/v) increased, the diameter of the chitosan-alginate capsules increased. The diameter of chitosan-alginate capsules increased with decreasing the chitosan to calcium chloride concentration ratio (1:0.5-1:1.5).
Introduction
Chitosan-alginate capsules can be produced through ionic gelation. It is commonly produced by introducing alginate solution droplet into gelling medium consist of an aqueous solution of calcium chloride and chitosan [1, 2] . In the inverted procedure, the mixture of chitosan and calcium chloride solution is dropped into alginate solution to induce simultaneous ca-alginate ionic gelation and chitosan-alginate polyelectrolyte complex coacervation. As a result, a liquid chitosan core surrounded by interphasic chitosan-alginate and Ca-alginate membrane are produced [3] . The capsules properties (e.g. membrane thickness and diameter) of capsules are influenced by the biopolymer solution formulation, gelling agent solution and process variables. Therefore, this knowledge is important to control the capsules properties for desired applications. The aim of this study was to investigate the effect of process variable on diameter and membrane thickness of chitosan-alginate capsules produced through extrusion-dripping method. The studied process variables include needle diameter, alginate concentration, chitosan to calcium chloride concentration ratio and gelation time.
Materials and Methods
Materials: Calcium Chloride (Bendosen, Norway), Tween 80 (Merck, Germany) and acetic acid glacial 99.8% (Bendosen, Norway). Sodium alginate and chitosan were purchased from Kimitsu Chemical Industries Japan and R&M Chemicals, UK respectively. Alginate solutions (0.3, 0.6 and 0.9 % w/v) were prepared by dissolving alginate solutions in distilled water with addition of 0.1 % w/v Tween 80. Chitosan solutions were prepared by dissolving chitosan in distilled water containing concentrated acetic acid glacial 98.8%. Calcium chloride solutions were also added into chitosan solution and maintained at pH 2.5. The chitosan to calcium chloride concentration ratio were prepared and show in Table 1 . Figure 1 . The chitosan-calcium chloride solution was extruded into the sodium alginate solution through the hypodermic needles (Terumo Corporation, Japan). The distance between the edge of the needle and surface of the sodium alginate solution was fixed to 2 cm. The gelation time of the chitosan-alginate capsules was fixed at 30 min (or otherwise mentioned) under stirring speed at 300 rpm. After gelation, the chitosan-alginate capsules formed were filtered and washed thoroughly with distilled water. The capsules formed were stored in 0.2 % (w/v) calcium chloride hardening solution prior to size and membrane thickness analysis. 
Characterization of Chitosan-alginate capsules:
The diameter and membrane thickness of the chitosan-alginate capsules were characterized. An average of 30 capsules was taken for each analysis. The images of the capsules were taken using a digital camera (Canon Power Shot A2200, Japan). The size of the capsules was analyzed using image analysis software (Sigma ScanPro5 software, USA) [4] . The membrane thickness of the capsules was measured by Microscope (Motic, USA) which was equipped with Motic Image Software (USA). The membrane thickness of each capsule was taken by averaging four measurements. The calculation was made using Microsoft Excel Office 2007 (USA). Statistical Analysis: The diameter of the capsules was measured from 30 samples. The membrane thickness of capsules was determined based on measurement of FIVE capsules. All the standard deviation of each measurement were calculated and showed in the graph. 
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Results and Discussion
Effect of Gelation Time:
The effects of gelation time on the diameter and membrane thickness of chitosan-alginate capsules is shown in Figure 2 . As shown in Figure 2 , the diameter of chitosanalginate capsules was found to increase from 4.06 mm to 4.18 mm when gelation time increased from 5 min to 15 min. On increasing the gelation time, it was found that the capsule diameter was relatively constant at about 4.24 mm. Besides that, the membrane thickness of chitosan-alginate capsules also showed a similar trend, In reference to Figure 2 , the membrane thickness of chitosanalginate capsules also showed the similar trend as the capsule diameter. The membrane thickness of the capsules increased from 0.13 mm to 0.20 mm within the initial 15 min of gelation. The membrane thicknesses of the capsules remained relatively constant although the gelation time was further increased to 60 min. The results were in good agreement with previous works [5, 6] . The trend of the results could be explained by the diffusion of calcium cation and chitosan molecules during the gelation process. At beginning of the gelation process (initial 15 min), the entire binding site contained in alginate polymer chain is unoccupied. Since the molecular weight of calcium cation is much lower than chitosan molecules. Therefore calcium cations could easily diffuse in the inner core solution to cross-link with alginate molecules was rapidly compared to that of chitosan molecules. As time elapsed, thicker capsules membrane is formed, diffusion of calcium cations through the membrane to bind with those unoccupied binding site of alginate becomes limited [6] . Although the gelation time was increased beyond 15 min, there are no significant increases in diameter and membrane thickness of capsules.
Effect of Needle diameters:
The effect of needle size on the diameter of chitosan-alginate capsules is shown in Figure 3 . The needle diameters in the range of 0.5 mm to 1.2 mm were used in this study. As presented in Figure 3 , the diameter of chitosan-alginate capsules was found to increase significantly from 3.41 mm to 4.26 mm when needle of 0.50 mm diameter and 0.6 mm diameter were used, respectively. The diameter of capsules was found to be leveled off at 4.47 mm when the needle diameter greater than 0.6 mm was used. It has been reported that the diameter of gel particles was typically proportional to the outer diameter of the dripping tip [8] . However, the results of this study do not follow the typical trend. The trend of the results could be due to two factors. The first factor could be the amount of calcium cation that available in the inner core of the capsule and the second factor could be the capsules formation was conducted under fixed gelation time. It was speculated that the calcium cation in the droplet formed using needle with diameter of 0.5 mm and 0.6 mm was completely depleted at the given gelation time (see Figure 3) . As the needle diameter was increased, the amount of calcium cation available in the inner core of the capsule was also 
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Micro/Nano Science and Engineering increased. Therefore, the capsules relatively formed from needle greater than 0.7 mm diameter, need longer gelation time to reach equilibrium size. However, the gelation was discontinued after 30 minutes. As a result, the capsule diameter was leveled off after the needle diameter was increased to 0.7 mm. 
Effect of Sodium Alginate Concentration:
The effect of alginate solution on the diameter of chitosan-alginate capsules is shown in Figure 4 . There are two alginate concentrations (0.3 % w/v and 0.9 % w/v) used in this study. Generally, it was found that the diameter of chitosan-alginate capsules decreased as alginate concentration increased for a given formulation of chitosan-calcium chloride solution (CHCL1 & CHCL3). As shown in Figure 4 , the diameter of the capsules decreased as the concentration of alginate solution increased, regardless of the chitosan-calcium chloride solution used. The results trend was in good agreement with previous works [5, 6, 7] . According to Abang et al. 2000 , this effect is due to total number of the alginate molecules per unit solution volume was near to the droplet/alginate solution interface when increasing the alginate concentration. At the same times, number of the binding site in alginate molecules also increasing. As a result, compacted hydrogel networks were formed and consequently caused great reduction in the capsules diameter. In addition, the results in Figure 4 also indicated that when the concentration of calcium chloride in the inner core solution was high, large capsules were produced. The capsules formed from inner core solution with 1.2 % (w/v) calcium chloride (CHCL3) were larger than that of 0.9 % w/v calcium chloride (CHCL1), regardless of alginate solution concentration. Similar trend was also observed by previous researchers [5, 9] .This is because calcium cation plays the most important role in forming the capsular membrane as the cation can easily diffuse through the membrane to gel with alginate molecules as compared to chitosan.
Effect of Chitosan to Calcium Chloride concentration ratio:
The effect of chitosan to calcium chloride concentration ratio on diameter of chitosan -alginate capsules is shown in Figure 5 . As shown in Figure 5 , the diameter of the capsules was dependent on the chitosan to calcium chloride concentration ratio. The results showed that larger capsules were formed when the ratio was smaller. In reference to Figure 5 , the capsule with diameter of 4.77 mm was produced when the inner core solution with the ratio of 1:1.5 was used. In contrast, the capsule with smaller diameter (i.e. 4.42 mm) was produced with the inner core solution with the ratio of 1:0.5 was used. The result was in good agreement with previous works [5, 6, 7] , as the capsule diameter is influenced by calcium chloride concentration during the gelation process. On the other hand, the results in Figure 5 also showed that the chitosan concentration has minor influence on the capsule diameter. In comparison of the diameter of the capsules formed with 0.8 % w/v and 1.0 % (w/v) chitosan, the capsules produced by the latter solution was generally larger under the studied ratios (especially in the case of 1:0.5 ratio). It is speculated that the polyelectrolyte complex polymerization of chitosan with alginate formed a looser or 'opened' structure as compared to the gel formed by calcium cations with alginate. As a result, large capsules were formed with high concentration of chitosan.
Conclusion:
The diameter of chitosan-alginate capsules formed using different needle diameters was studied. The diameter of chitosan-alginate capsules increased from 3.4 mm to 4.5 mm when the needle diameter increased from 0.5 mm to 1.2 mm. The capsule diameter was decreased by increasing the alginate concentration. This could be due to formation of more compacted capsular membrane with high concentration of alginate. On the other hand, the capsule diameter was inversely dependent upon chitosan to calcium chloride concentration ratio. The diameter and membrane thickness of the capsules were rapidly increased in the initial 15 min and remained relatively constant although the gelation time was further increased to 60 min. The results suggested that the capsules reached their equilibrium size in 15 min of gelation. The diameter of chitosanalginate capsules was influenced by the needle diameter, alginate concentration, ratio of chitosan to calcium chloride concentration and gelation time.
